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Available online 30 October 2013AbstractMicrocellular propellants show a vast applicable prospect due to their special shell-pore structure. The effects of saturation pressure and
desorption time on skin thickness were studied. The skin thickness is observed and measured using scanning electron microscope (SEM). The
results show that the skin thickness decreases when saturation pressure increases from 15 MPa to 30 MPa. In contrast, the skin thickness in-
creases as the desorption time changes from 2 min to 20 min. Therefore, the microcellular propellants with adjustable skin thickness can be
obtained under the variable process conditions such as saturation pressure and desorption time.
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Propellants with porous structure have attracted more and
more attentions due to their special burning behavior. In recent
years, Foamed propellants based on crystalline explosives
bonded in energetic materials have been developed and could
be produced by reaction injection molding [1e5]. These
foamed propellants show a high burning rate compared to the
standard propellants and their porous structures could be
changed by changing the process parameters and formations
like explosive fillers and energetic binders.
Generally, the propellants were modified by coating agents
and deterrents in order to improve their burning performance,
whereas some drawbacks, such as lower-energy, transferring-
deterrents and unclean-combustion, are in existence inevitably.
Nowadays, the process methods of microcellular materials* Corresponding author.
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sively studied [6,7]. The microcellular propellants containing
lots of isolated micropores were also designed and success-
fully prepared using the supercritical CO2 fluids [8]. The
burning rate of microcellular propellant is determined by the
porosity and inner surface. When the propellant with larger
mean diameter and higher foam density burns, more gases are
generated due to their larger inner surfaces, which leads to a
faster pressure increment rate and a higher burning rate. It
means that the burning rate of propellants could be changed by
adjusting their skin thickness in order to achieve the pro-
gressive burning surfaces. A SEM micrograph of microcellular
propellant is shown in Fig. 1. The microcellular propellant
with shell-pore structure has an advantage of burning pro-
gressivity and shows a vast applicable prospect.
In addition, a technique controlling the gas concentration in
the skins to produce a smooth unfoamed skin of desired
thickness was developed by Kumar [9]. He found that the
unfoamed skin could be formed only when the gas concen-
tration above a minimum point, and provided a theoretical
model relating to the effect of desorption time on the
unfoamed skin. Goel and Beckman also obtained an
achievement on variable thickness of unfoamed skin by means
of different saturation pressures [10]. Therefore, the processes
for adjusting skin thickness of microcellular propellant arection and hosting by Elsevier B.V. All rights reserved.
Fig. 1. SEM micrograph of microcellular propellant.
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controllable thickness of unfoamed skin in this paper.
2. Experiment2.1. Skin formationThe propellants are pre-produced into small grains with the
shape of oblate spheroid and the same size. The grains are
enclosed in a high-pressure vessel preheated to a desired satu-
ration temperature. The vessel is washed with CO2 at low
pressure for removing atmosphere residual in the vessel, and
then a given amount of CO2 is injected to reach a predetermined
pressure. After the saturation pressure is kept for a sufficient
time to ensure the equilibrium absorption of CO2 by the samples,
CO2 in the high-pressure vessel is then released. The saturated
propellants are removed out and exposed at the atmospheric
pressure for several different time durations for desorption. After
that, the samples are transferred to a boiling water bath and
foamed for a sufficient time, then stabilized in cold water. The
schematic of apparatus for foaming process is shown in Fig. 2.2.2. CharacterizationThe microcellular propellants are immersed in liquid ni-
trogen for about 5 min, and then freeze-fractured to exposeFig. 2. Schematic of apparatthe internal microstructure for scanning electron microscope
(SEM) observation. The fractured surfaces are gold-sputtered
and then observed using SEM (QUANTA FEG-250). The
skin thickness is determined from SEM micrographs of the
edge region. The perpendicular distance, as an average value
of several measurements, from the edge of the sample to the
first bubble seen in that direction is taken as the skin
thickness.2.3. Experiment principleThe propellants can be saturated with the supercritical CO2
fluids to form a propellants/CO2 system according to the rigid
structure of nitrocellulose, as the main component of pro-
pellants. The foam nucleation and growth happens when the
hyper-saturated system is destroyed. Kumar derived an
expression for the relation between skin thickness and gas
concentration on the basis of Fick’s Law [9], and the con-
centration is given by
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where c0 is the initial gas concentration in the sample, D is
the diffusivity of gas-polymer system, t is the desorption
time, l is the thickness of sample, and x is the distance from
the center of sample. Assuming the a minimum gas
concentration is required for foam nucleation, c*, the dis-
tance xt at a given desorption time t can be obtained from Eq.
(1) by setting c ¼ c *, and the skin thickness d can be
calculated:
d¼ l
2
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The influence of gas concentration saturated in the mate-
rials on skin thickness is clear. Therefore, the skin thickness
of microcellular propellants could be adjusted by varying the
gas concentration according to the change in the foaming
process parameter like saturation pressure and desorption
time.us for foaming process.
Fig. 3. SEM micrographs of skin regions of microcellular propellants prepared
at various saturation pressures.
Fig. 4. Effect of saturation pressure on skin thickness.
55S.J. YING et al. / Defence Technology 9 (2013) 53e573. Results and discussion3.1. Effect of saturation pressure on skin thicknessThe propellants are saturated at the saturation pressures of
15 MPa, 20 MPa, 25 MPa and 30 MPa and the saturation
temperature of 40 C for 3 h, and then foamed in a boiling
water bath for the adsorption time of 2 min, thus the
controllable skin thickness of microcellular propellants pre-
pared at different saturation pressures is investigated.
Fig. 3 shows the influence of saturation pressure on skin
thickness. It can be seen from Fig. 3 that the internal regions of
the microcellular propellants contain many closed foams, and
the skin thickness, the distance from outer surface to the
nearest foam region, is typically various at the different
saturation pressures. Fig. 4 shows that the measured skin
thickness decreases significantly as the saturation pressure
increases. When the saturation pressure is 15 MPa, the skin
thickness is 18.63 mm, however, when saturation pressure rises
to 30 MPa, the skin thickness becomes 9.57 mm. The result
could be attributed to the reason that the skin thickness is
determined by the gas concentration below the minimum point
of foam nucleation and growth. When the saturation pressure
increases, the solubility of CO2 in propellants becomes larger
and the gas concentration in the skin region also increases, so
the skin thickness is decreased.3.2. Effect of desorption time on skin thicknessFour samples were prepared at different desorption time
durations of 2 min, 5 min, 10 min and 20 min under the
conditions of 25 MPa saturation pressure and 40 C saturation
temperature for 3 h and foamed in the boiling water bath.
Fig. 5 presents the SEM micrographs of skin regions
formed at various desorption times. The effect of desorption
time on skin thickness is very clear. When the desorption time
is 2 min, the skin thickness is very thin, only 9.64 mm, as
shown in Fig.6. When the desorption time reaches 20 min, the
skin thickness becomes 74.16 mm. It is also easy to understand
Fig. 5. SEM micrographs of skin regions of microcellular propellants prepared
at various desorption times.
Fig. 6. Effect of desorption time on microcellular propellants.
56 S.J. YING et al. / Defence Technology 9 (2013) 53e57that the skin thickness of microcellular propellants becomes
thicker gradually as the desorption time increases, which is
probably due to the gas concentration. According to the model
of unfoamed skin, when the desorption time increases, the
solubility of CO2 swelling in the samples decreases, as shown
in Fig.7. However, the areas where the gas contents are below
the minimum concentration increases, the skin thickness
would also increase.
4. Conclusions
The process of adjustable skin thickness of microcellular
propellants was investigated preliminarily using the super-
critical fluids by changing saturation pressure and desorption
time, and their effects on the skin thickness were also
researched in this paper. The experimental results indicate
that the skin layers becomes thicker when the saturation
pressure increases and the desorption time decreases, so it
means that the skin thickness is negatively correlated with the
saturation pressure, but positively with the desorption time.
The microcellular propellants with controllable skin thickness
can be obtained by choosing some appropriate process
conditions.Fig. 7. Weight-change of skin thickness of propellants/CO2 system.
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